The relationship between the n-value and critical current (I C ) is investigated for six different ITER-candidate Nb 3 Sn wires characterized as a function of magnetic field (B 28 T), temperature (4.2 K T 12 K) and intrinsic axial strain (−1% ε I +0.4%). For the five wires exhibiting intrinsic behaviour, n(I C ) can be parameterized by a modified power law of the form n = 1 + r I s C , where s is a constant with a value of 0.41 ± 0.03. The parameter r decreases as the magnitude of the intrinsic strain increases and is a relatively weak function of temperature. For one of the wires, the n-value saturates at high critical currents (low magnetic fields), characteristic of extrinsic filament nonuniformities.
Introduction
The n-value is commonly used to characterize the sharpness of the electric field-current density (E-J ) transition in technological superconductors [1] [2] [3] [4] [5] [6] . Together with the critical current density (J C ), the n-value is important in applications such as persistent-mode NMR magnets [7] for extrapolating to the low operating electric fields, and cablein-conduit-conductor fusion magnets for calculating operating margins and interpreting data for prototype systems [8] [9] [10] . The origin of the n-value in low-temperature superconducting wires is generally attributed to distributions in the critical current [5, 6, [11] [12] [13] [14] [15] [16] [17] [18] arising from distributions in the elementary flux-pinning forces (intrinsic effects) [6, [11] [12] [13] [14] and from nonuniformities in the cross-sectional area of the superconducting filaments (extrinsic effects) [5, [16] [17] [18] . Both intrinsic and extrinsic factors will generally affect the n-value, although the correlations between filament nonuniformities and low n-values observed in some Nb-Ti wires [5, 18] have lead to the n-value being commonly used as a 'quality index' [4] . The critical current density and n-value in Nb 3 Sn superconducting wires vary strongly as a function of magnetic field (B), temperature (T ) and intrinsic axial strain (ε I ), which must be accurately described for the purposes of magnet design. Considerable research effort has been directed at developing scaling laws for parameterizing J C (B, T , ε I ) data [19] [20] [21] [22] [23] [24] [25] , but there is currently no accepted framework for describing the variation of the n-value with field, temperature and strain. One possible approach is to relate the n-value to the critical current density. Experimental data presented as plots of n versus J C show strong correlations, and various formulae have been proposed [8, 9, 26] , while the existence of such a relationship is also suggested by some theoretical models [11, 15] . In this paper, we investigate the relationship between the n-value and critical current density for a number of Nb 3 Sn superconducting wires characterized as a function of field, temperature and strain, and seek to develop a mathematical description of the n-value covering the full range of parameter space. ranges of magnetic field, temperature and intrinsic strain (see table 1 ). A similar experimental procedure was employed for all of the wires investigated. Standard heat treatments [27] [28] [29] were performed under argon with the wires mounted on oxidized stainless-steel mandrels. The reacted wires were then etched in hydrochloric acid to remove the chrome plating, transferred to helical (Walters) springs and attached by copper plating and soldering. Measurements were performed using the Durham strain probe [29, 30] , enabling strains to be applied to the wire via the rotation of one end of the spring. The wires were immersed in a liquid helium bath at 4.2 K or located in a variable-temperature enclosure with three independently controlled Cernox thermometers and constantan wire heaters. Experiments were carried out in fields up to 23 or 28 T using resistive magnets at the European high-field laboratory in Grenoble, or in fields up to 15 T using a superconducting magnet in Durham. At particular values of field, temperature and strain, the current in the wire was slowly increased and the voltage across a section of the wire (typical tap separation: 20 mm) was measured using a nanovolt amplifier and digital voltmeter. The electric field (E) and engineering current density (J ) were calculated from V and I by dividing by the tap separation and the total cross-sectional area of the wire respectively (all of the wires are 0.81 mm in diameter). Critical currents and n-values were calculated after the current in the normal shunt (typically 50 mA at 10 µV m −1 , measured above the critical temperature) had been subtracted from the total current. Various spring geometries and materials were used for the different wires, but it has been shown that the superconducting properties are generally universal functions of intrinsic axial strain calculated at the midpoint of the wire, independent of the type of spring [29] . In all of the measurements, tensile strains and then compressive strains were applied to the wires. For three wires (OST, OKSC and EM-LMI), measurements at 4.2 K and at variable temperature were performed on the same sample on two separate strain cycles. In all cases, tests show that the critical currents are reversible to within ∼4% after the various cycles. For two wires (EM-LMI and Vac(A)), measurements were performed on different samples in Durham (up to 15 T) and in Grenoble (up to 23 T), and the critical current data were found to agree to within ∼2%. between E and J is observed, and the n-value can be defined via the following relationship [2] :
Results
Figure 1(b) shows the critical currents (I C ) and n-values obtained from the E-J characteristics in figure 1(a) , where, as is standard, the critical current is defined at an electric-field criterion of 10 µV m −1 and the n-value is calculated between 10 and 100 µV m −1 . These standard criteria are used for the most of the critical current and n-value data presented in this paper (except the low E-field data in figure 8 ). It can be seen in figure 1(b) that the critical current and n-value have a similar inverted parabolic behaviour as a function of intrinsic strain, motivating the analysis of the relationship between n and I C that follows. The scatter in the n-value data (e.g. figure 1(b) ) can be attributed to systematic variations in the temperature of the wire during the E-J transition (from 10 to 100 µV m −1 ). Assuming a maximum variation of 20 mK [29] , the associated errors in the n-value are estimated at typically 4%. data at constant temperature and strain. Figures 2 and 3 show datasets at different intrinsic strains at 4.2 and 12 K respectively. Figure 4 shows datasets at different temperatures at constant intrinsic strain. It can be seen that, for all of the wires except Vac(A), there is a similar form for n versus I C at a particular temperature and strain. The n-values are not universal functions of critical current, but n at constant I C is a relatively weak function of intrinsic strain and temperature. For example, n at constant I C varies by typically 10-20% as a function of intrinsic strain at 4.2 K, with the exception of the Furukawa wire, which shows a considerably stronger variation (see figure 2(d) ). For the Vac(A) wire, the n-value tends to a saturation value at high critical currents (low magnetic fields). This saturation behaviour was reported previously: the saturation value of n decreases with increasing |ε I | and with decreasing electricfield criterion [2] . Figure 5 compares I C and n-value data for the Vac(A) and Vac(B) wires: the values of critical current are similar, but the n-values differ considerably at low magnetic fields. The two wires come from different billets that were nominally identical prior to extrusion, and it is believed that the extrusion process for one of the billets (Vac(A)) caused the reduced n-values at low fields [34] . The behaviour of the Vac(A) wire is characteristic of extrinsic 'sausaging' effects and is discussed in section 5.
Analysis
A power-law relationship between n-value and critical current has been used previously [8, 26] . investigated, we find that n → ∼1 as I C → 0, and hence a better fit to the data can be obtained using the modified power law:
Equation (2) was used to fit the n-value data for five of the wires investigated, as shown in figures 2-6 (accurate fits to the n-value data for the Vac(A) wire were not possible). The curvature at low values of n(I C ) in the standard log-log plot (figure 6 inset) explicitly shows that the data are fitted less accurately using a standard power-law relationship [8, 26] . The fitting parameters r and s are, in principle, functions of temperature and strain. However, it is found that variations in the optimum values of the exponent s(T , ε I ) are relatively small (±15%) and nonsystematic, while reasonably accurate parameterizations can be achieved by using a constant value of s for a particular wire. The optimum values of s are similar for all of the wires and are in the range 0.38-0.44 (see figure 7(a) ).
With s = constant, the parameter r (T , ε I ) then determines the temperature and strain dependences of n at constant I C . Figure 7 (a) shows how r varies with intrinsic strain at 4.2 K (cf figure 2) . Despite the scatter on the data, it can be seen that, for all of the wires, r is a maximum at approximately zero intrinsic strain and decreases with increasing tensile or compressive intrinsic strains. For the Furukawa wire, r varies by ∼40% over the investigated strain range, while for the other four wires the variations are between ∼10% and ∼20%. Figure 7 (b) shows how r varies with temperature at constant values of intrinsic strain for three of the wires investigated (cf figure 4) . Similar temperature dependences for r are observed at all values of intrinsic strain (graphs not shown). It can be seen that r varies by ∼10% in the temperature range 4.2-12 K. For all of the wires, r decreases monotonically with increasing temperature between 6 and 12 K, but for the OKSC and EM-LMI wires, r is lower at 4.2 K than at 6 K, perhaps due to differences in the temperature stability (see section 3) or the different strain cycles on which the data were obtained.
S300
Relationship between n-value and critical current in Nb 3 Sn wires Magnetic Field (T) for n) with plots calculated at the standard criteria (10 and 10-100 µV m −1 ). All of the datasets can be parameterized using equation (2) and it is found that the optimum values for the exponent s are similar (to within 0.02) for the datasets obtained at the different E-field criteria. The values of r are considerably higher for the lower electric field data, because I C decreases with decreasing E-field criterion but n increases.
Discussion and conclusions
Early work on extrinsic Nb-Ti wires considered sausaged filaments with uniform pinning within the filaments [16, 18] . In this case, the distribution of I C along the length of the filament is entirely due to the distribution in the cross-sectional area (CSA). Hence the n-value can be related to the standard deviation of the cross-sectional area σ (CSA) and the average cross-sectional area CSA by the following expression [11] :
Intrinsic Strain (%) Given the uncertainties in the wavelength over which I C should be averaged, equation (3) is qualitatively in agreement with the results of Ekin [18] , who observed a field-independent n-value of ∼35 (for 3 T B 7 T) in a Nb-Ti wire with σ (CSA) ≈ 5% measured using complementary microscopy. The Vac(A) wire exhibits a similar saturation in the n-value, characteristic of extrinsic filament nonuniformities. The saturation value of ∼20 suggests that the effective standard deviation of the sausaging is ∼6% (from equation (3)). The Vac(B) wire, nominally identical prior to extrusion, has similar values of critical current but considerably higher n-values in low fields (see figure 5) , demonstrating that the n-value can be sensitive to factors that do not necessarily affect the critical current [5] . For the five wires exhibiting intrinsic behaviour, the relationship between the n-value and critical current can be parameterized by a modified power law with two free parameters r and s. We find that n(B, T , ε I ) cannot be expressed as a universal function of J C (B, T , ε I ). The parameter r (T , ε I ), and hence the n-value at constant critical current, varies with both strain and temperature: it generally decreases with increasing |ε I |, with variations of between ∼10% and ∼40% for the different wires, and has a relatively weak (∼10%) temperature dependence.
The origin of these different variations, particularly the strain dependence, remains to be identified. Nevertheless the nearly universal value of ∼0.41 observed for the exponent s (which is only weakly dependent on the electric-field criterion) will facilitate the parameterization of the n-value in Nb 3 Sn wires that is required for optimizing magnet design.
